Sambridge's Neighbouhood Algorithm was applied to normal mode and surface wave phase velocity data to determine the likelihood of radial anisotropy in mantle reference models. This full model space search technique provides probability density functions for each model parameter, and therefore reliable estimates of resolution and uncertainty, without having to introduce unnecessary regularization on the model space. Our results for shear-wave anisotropy (described by parameter ξ) show a fast decrease with depth with no significant deviation from PREM at any depth. The data do not require strong deviations from PREM for P-wave anisotropy either, except between 220 and 400 km depth and in the D" layer. The intermediate parameter η might depart from PREM between 220 and 670 km depth.
Introduction
It is now commonly accepted that the Earth's uppermost mantle is anisotropic. Laboratory experiments show that the most abundant minerals in the uppermost mantle possess high intrinsic anisotropy, and seismology reveals that anisotropy is present at these depths. This indicates the existence of an efficient mechanism capable of aligning uppermost mantle minerals over large scales. Seismological evidence for radial anisotropy at these depths was first inferred from the discrepancy between isotropic Love and Rayleigh wave phase velocity maps [Anderson, 1961] . This was confirmed by many other seismological studies. PREM [Dziewonski and Anderson, 1981] was the first reference model to incorporate radial anisotropy in the top 220 km of the mantle. Spherically averaged radial anisotropy was also found at larger depths by Montagner and Kennett [1996] , in an attempt to reconcile body-wave and normal mode observations. They derived a new reference model that contained a small amount of radial anisotropy down to 1000 km depth and in the lowermost mantle. The rest of the lower mantle appears to be devoid of any seismic anisotropy, although both experimental [Chen et. al., 1998; Mainprice, 2000] and theoretical studies [Oganov et. al., 2001a; 2001b; Wentzcovitch et. al., 1998 ] demonstrate that lower mantle minerals are highly anisotropic. This can be explained in terms of superplastic flow [Karato, 1998] , since deformation by diffusion creep does not result in any preferred orientation of minerals. Panning and Romanowicz [2004] recently derived a three-dimensional model of the whole mantle and found that the degree zero of their shear-wave anisotropy is dominant in the lowermost mantle, similar to what Montagner and Kennett [1996] found previously.
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In this paper we decided to revisit the problem of the presence of anisotropy in reference mantle models because we believe that the trade-offs among the model parameters might have biased previous results. For example, Panning and Romanowicz [2004] imposed a proportionality factor between the different elastic parameters and density anomalies in order to invert only for the two shear-wave related parameters. In the case of Montagner and Kennett [1996] , the authors inverted free oscillation data for attenuation, density and three of the five parameters characterizing radial anisotropy, using V p and V s from body wave models as constraints on the two other parameters in order to reconcile the two types of data. They included attenuation to reduce some of the discrepancy between the body wave models and the normal mode data. The remaining difference was explained by radial anisotropy down to 1000 km. While this might be an explanation for the observations, it can be argued that body waves preferentially sample fast regions [Nolet and Moser, 1993] introducing thus a fast bias into models which could lead to apparent attenuation and anisotropy in the Montagner and Kennett approach. Their final onedimensional mantle models contained a few percents of anisotropy down to a depth of 1000 km, and they reported a possible change in the sign of the anisotropic parameters at the 670-discontinuity. Karato [1998] interpreted these sign changes as the signature of a horizontal flow above the discontinuity and a vertical flow in the top of the lower mantle. Clearly, the presence or absence of global radial anisotropy at large depths has large consequences for geodynamic and mineralogy, and it should be investigated more thoroughly.
The goal of the present research is to assess the robustness of this 1-D anisotropy and to determine whether it is constrained by the current normal mode and surface wave data.
We did not want to fix model parameters such as V p or V s because possible trade-offs with other parameters could affect the results for anisotropy. We did not include any prior information coming from body-waves, instead we used fundamental mode surface waves and overtones together with normal mode central frequencies. Because of the absence of body waves, we could safely neglect attenuation. The Neighbourhood Algorithm (NA) [Sambridge, 1999a; 1999b] 
Data
Phase velocity maps can be expanded into spherical harmonics and their degree zero can be linearly related to perturbations in the one-dimensional structure of the Earth, similarly to normal mode central frequency shifts. The relation between Earth's structure and these data is given by Dahlen and Tromp [1998] : [Trampert and Woodhouse, 1995; 2001; Ekström et. al., 1997; Laske and Masters, 1996; Wong,1989; van Heijst and Woodhouse, 1999] In total, the data set employed was composed of 237 measurements for Rayleigh waves and spheroidal modes and 294 measurements for Love waves and toroidal modes. All data were corrected for the crustal model CRUST5.1 [Mooney et. al., 1998 ].
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Parameterization and method
An anisotropic medium with one symmetry axis is characterized by five independent elastic coefficients A, C, N, L and F , in the notation of Love [1927] . Radial anisotropy occurs when the symmetry axis points in the radial direction. This type of anisotropy is usually described by three anisotropic parameters (φ = 1 − C/A, ξ = 1 − N/L and η = 1 − F/(A − 2L)) and one P and one S velocity. Note that these definitions vary from author to author. The elastic coefficients are related to the wavespeed of P-waves travelling either vertically (V P V = C/ρ) or horizontally (V P H = A/ρ), and to the wavespeed of vertically or horizontally polarized S-waves (V SV = L/ρ or V SH = N/ρ, respectively).
Parameter F is related to the speed of a wave travelling with an intermediate incidence angle. We parameterized the models with perturbations of these five elastic coefficients and perturbations of density with respect to PREM [Dziewonski and Anderson, 1981] .
The corresponding sensitivity kernels are given in Tanimoto [1986] , Mochizuki [1986] and Dahlen and Tromp [1998] . The relation between the data k df and the perturbations in the structure of the Earth is then :
In this equation, r cmb is the radius of the core-mantle boundary and a is the radius of have a finite resolution, they have a much higher radial resolution than we are able to mode here. Consequently the results should be seen as an indication of the presence of anisotropy, rather than a detailed model. Conservation of the mass of the Earth and its moment of inertia were imposed following Montagner and Kennett [1996] . The NA is applied to equation 1 in order to obtain mantle models of radial anisotropy.
In the first stage of the NA, the model space is surveyed to identify the regions that best fit the data. A measure of the data fit must therefore be defined. We chose the χ 2 misfit which measures the average data misfit compared to the size of the error bar :
where N is the total number of data, k d i ob represents the ith observed data, k df i pr is the ith predicted data and k σ i is the uncertainty associated with data i. The NA iteratively drives the search towards promising regions of the model space and simultaneously increases the sampling density in the vicinity of these good data-fitting areas. One of the characteristics of the NA, which makes it different from usual direct search approaches, is that it keeps information on all the models generated in the first stage, not only the good ones, to construct an approximate misfit distribution. This distribution of misfit is used as an approximation to the real PPDF and as input for the second stage of the NA, where an importance sampling of the distribution is performed. It generates a resampled ensemble which follows the approximate PPD and which is integrated numerically to determine the likelihood associated with each model parameter and the trade-offs. The reader is referred to Sambridge [1999a Sambridge [ , 1999b as possible, the two tuning parameters required for the first stage of the algorithm were kept equal. These two parameters are n s , the total number of new models generated at each iteration, and n r , the number of best data-fitting cells in which the new models are created (the model space is divided into Voronoi cells). Tuning parameters have also to be chosen to insure the convergence of the Bayesian integrals in the second stage.
The degree zero of the five elastic coefficients were perturbed up to 5 % of their amplitude in PREM. We purposefully do not address the non-linearity of the problem, but want to assess if the data require modest anisotropy which can be modelled by perturbation theory.
This has the great advantage of linearizing our forward problem, and so far no indications of stronger anisotropy have been observed. Two sets of experiments were performed, one where no density variations were allowed and one where we searched for degree zero density anomalies up to 2 % in addition to perturbations in the five elastic coefficients.
Results
In the first series of tests, we fixed the density anomalies dρ to zero in each layer and in the second series of tests, we released the constraint on density and performed a model space search for perturbations of the five elastic coefficients that describe radial anisotropy and density. In this second case, we assumed that the layer situated between 1001 and 2609 km depth, which constitutes most of the lower mantle, is isotropic. This assumption is reasonable because we didn't observe any changes in this layer in the first set of runs, and it considerably eased our computational requirements.
We thus first studied a 30-dimension model space and a 33-dimension model space afterward. The limit of NA on a single processor is estimated to be approximately 24 parameters [Sambridge, 1999b] , beyond which it becomes highly time-consuming. The
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most reliable way to use the NA is by successively increasing the tuning parameters n s and n r (kept equal to broaden the search) in the first stage of NA, computing the likelihoods associated with each model parameter, and comparing the different results. Stability is achieved once the solution is independent of the way the model space was sampled. It is also a way to obtain all the models compatible with the data, without being trapped in a local minimum. Given our 'high dimensional problem', we could not afford to run NA with high tuning parameters within a reasonable amount of time. Instead, we performed several surveys with relatively small tuning parameters (by resampling between 5 and 20 best data-fitting cells at each iteration). By comparing the results of the different small size surveys, we could determine which parameters were well-constrained and which were not, according to the dependence of the results on the tuning parameters.
The individual distributions of ξ, φ, η and dρ/ρ obtained with n s = n r = 15 are displayed in Fig. 2 to 5, and Table 1 gives some probability values for anisotropy in each layer, based on the integration of the normalized likelihoods. It should be noted that in PREM anisotropy is present only in the upper 220 km of the mantle (our top layer), and therefore dξ = ξ, dφ = φ and dη = η at any other depth. We can thus equivalently talk about the absolute value of the anisotropy or its perturbation in these other layers. Table 1 we show the probability that dξ = ξ − ξ prem is positive, i.e. that |ξ| ≥ |ξ prem |. These results for S-wave anisotropy are mostly independent of the tuning parameters employed, only small changes occurred in dL and dN for the different trials. Our models show that no significant deviation from PREM in S-wave anisotropy is required by the data D R A F T September 14, 2005, 11:34am D R A F T at any depth, including the D" layer. The probability of a departure from PREM is small in every layer, as shown in table 1. This contradicts the findings of Montagner and Kennett [1996] and Panning and Romanowicz [2004] . Our results are robust with respect to density anomalies (they did not strongly depend on the presence of dρ in the model space) except in the lowermost mantle. The signal for dξ was clearly negative in D" when density anomalies were neglected but shifted towards zero when dρ was explicitly inverted for (the changes occurred in the elastic parameter dN and not in dL). In the first set of tests, where dρ was zero, anisotropy was allowed in the bulk of the lower mantle (in the depth range 1001-2609 km), but no S-wave anisotropy was detected.
P-wave anisotropy was more affected than S-wave anisotropy by the introduction of density in the model space, indicating a higher dependence of P-wave related parameters on the presence of dρ in the parameterization. Fig. 3 shows that the most likely φ model, obtained including density variations in the parameterization, does not significantly deviate from PREM in the top layer (from 24 to 220 km depth) nor between 400 and 1000 km depth. However, there is a strong probability of a positive dφ (and thus φ) between 220
and 400 km and a negative dφ in the lowermost mantle (see Table 1 ), similar to the results of Montagner and Kennett [1996] . This means that we could expect about 1 % of P-wave anisotropy in these two layers, and that P-wave anisotropy extends deeper than S-wave anisotropy. The influence of the parameterization (including density anomalies or not)
is highest in the two top mantle layers, where the sign of dφ changed between the two series of tests. A similar behavior was observed for φ in the transition zone. to the results of Montagner and Kennett [1996] , if their model is averaged over our layer parameterization. Similarly, our results do not show any significant P-wave anisotropy in the top of the lower mantle, but its presence is not completely unlikely, as shown in Table   1 . Note also that φ was more clearly positive at these depths when no density anomalies were included. In the experiment without density, we obtained a high probability (0.86) of φ > 0 between 1001 and 2609 km depth, but the amplitude was very small (around 0.5 %). Observing that the observed link between P-wave anisotropy and density tends to reduce the amplitude of anisotropy, the assumption of an isotropy mid mantle layer remains justified. The results for φ in the lowermost mantle did not appear to be highly influenced by density. The amplitude of the most likely φ was higher when no density anomalies were included, but the sign did not change.
The η models (Fig. 4) were generally not as highly affected by density as P-wave anisotropy. The most likely places where we could have dη > 0 are between 220 and 400 km depth and in the transition zone. At other depths, NA produced η η prem .
The probability of departure from PREM is weak because the distributions are wide, but their peaks are close to 1 %, similar to model AK135-F of Montagner and Kennett [1996] .
These two layers are also where the strongest dependence on the presence of density in the model space was detected. When we imposed dρ = 0, dη was clearly centred on zero at these depths. The introduction of density seems to push the signal towards slightly positive values, but the robustness of these perturbations in η is not easy to assess. Also, with dρ = 0, we obtained a positive η between 1001 and 2609 km depth but the amplitude was so small that we believe the assumption dη = 0 is valid.
The sensitivity tests of Resovsky and Trampert [2002] suggest that the data we employed can resolve the density variations witha degree of confidence. Given that density affects some of the results on anisotropy, we believe that the models including density are the most realistic. The models of density anomalies we obtained ( Fig. 5 and Table 2 ) clearly show a density lower than in PREM in the top 220 km and an increase in density in the transition zone and in the lowermost mantle. At other depths, no significant departure from PREM is required by the data, but dρ is not quite as well resolved in the depth ranges 220-400 km and 670-1000 km, as shown by the individual likelihoods. The negative perturbation in density in the uppermost mantle is inconsistent with Montagner and Kennett [1996] , but the positive anomaly in the lowermost mantle is in agreement with their models, as well as with the recent study by Masters and Gubbins [2003] . The equivalent isotropic dlnV s and dlnV p were computed as well, but no strong deviations from PREM were required by the data, as the probability of positive dlnV s and dlnV p was close to 0.5 in all layers.
Discussion and conclusions
A direct search method was applied to normal mode central frequency shift measurements and to the degree zero of surface wave phase velocity maps to assess the likelihood of radial anisotropy and density anomalies in reference mantle models. Because both normal mode structure coefficients and phase velocity models result from the inversion of seismic spectrum, we should ideally apply the NA directly to the spectrum to retrieve Earth's structure, but current computational resources are not sufficient. We chose instead to analyze the non-uniqueness associated with the invertion of structure coefficients and phase velocity maps.
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A high dependence of P-wave related parameters on the presence of density perturbations in the parameterization was found in most of the mantle, but S-wave or η-anisotropy were less affected its presence of density in the model space. We compared the spherically averaged models obtained here with independent 3D studies and found a good agreement in the upper mantle with models using fundamental mode data alone [Beghein and Trampert, 2004a] and overtone data [Beghein and Trampert, 2004b] alone. We did not find any significant deviation from PREM in shear-wave anisotropy anywhere in the mantle, which questions the results of Montagner and Kennett [1996] . Their models showed a few percents of anisotropy down to 1000 km depth, with a change of sign in parameter ξ across the 670-discontinuity, and possibly across the 410-discontinuity. Although their models are not totally incompatible with our range for ξ, they are far from our most likely solution. Looking at probabilities, we conclude that the changes of sign in ξ below and above the transition zone are not robustly constrained by the data. The observed dependence of ξ on density might be responsible for the anisotropy found by Montagner and Kennett [1996] or Panning and Romanowicz [2004] by Montagner and Kennett [1996] . Our results here simply average over these two layers and overall there is no perturbation.
At most depths we observed a strong dependence of P-wave related parameters on the presence of density anomalies in the parameterization. Departure from PREM in P-wave anisotropy is required by the data between 220 and 400 km depth, with dφ > 0, and in the lowermost mantle, with dφ < 0. This indicates deeper P-wave anisotropy than S-wave anisotropy. ¿From a comparison with Beghein and Trampert [2004b] , it appears that this feature is not constrained by the overtone data of van Heijst and Woodhouse [1999] but by the normal mode data.
The negative dφ in the lowermost mantle was also found by Montagner and Kennett [1996] , but it is the only signal of P-wave anisotropy compatible with ours. The change of sign in φ observed by Montagner and Kennett [1996] across the 670-discontinuity is not confirmed by our data.
Parameter η did not deviate strongly from PREM, except maybe between 220 and 670 km depth, where the probability of dη > 0 is close to 0.7 (Table 1 ). This might indicate that η-anisotropy goes deeper than P-wave or S-wave anisotropy, but this is not supported by the overtone data alone [Beghein and Trampert, 2004b] . We did not find any clear sign of η-anisotropy in the lowermost mantle, but the uncertainty is very large.
It was clearly demonstrated that classical inversions of normal mode and surface wave data cannot find reliable variations in density due to a small sensitivity to the data [Resovsky and Ritzwoller, 1999; Resovsky and Trampert, 2002; Romanowicz, 2001] . In addition, damped inversions always underestimate model amplitudes, the more so if the sensitivity is small. In such cases, the NA is the best tool to put robust bounds on density D R A F T September 14, 2005, 11:34am D R A F T anomalies inside the Earth. Resovsky and Trampert [2002] showed that our data set could resolve density variations using NA. The density models we obtained were very different from those derived by Montagner and Kennett [1996] . This, added to the influence density anomalies has on the other parameters, resulted in differences in the models of anisotropy.
We obtained a clear deficit in density in the uppermost mantle, and an excess of density in the transition zone and the lowermost mantle. This increase inside D" could be the signature of the recently observed post-perovskite phase [Murakami et. al., 2004; Oganov and Ono, 2004; Tsuchiya et al., 2004; Shieh et. al., 2004] . Ensemble of data and estimated errors for the fundamental surface wave and normal mode data (left) and for the first overtone branche (right) at different periods. Note the logarithmic scale on the horizontal axis. Parameter p Depth (km) P (dp > 0) 
